BACKGROUND-Sublingual buprenorphine is an effective maintenance treatment for opioid dependence, yet intravenous buprenorphine misuse occurs. A buprenorphine/naloxone formulation was developed to mitigate this misuse risk. This randomized, double-blind, crossover study was conducted to assess the intravenous abuse potential of buprenorphine/naloxone compared with buprenorphine in buprenorphine-maintained injection drug users (IDUs).
INTRODUCTION
Illicit use of heroin and other opioids is a serious international health problem affecting an estimated 16 million persons worldwide [1] [2] [3] . Treatments for opioid dependence, such as methadone and buprenorphine, substantially reduce the morbidity and mortality associated with this disease and play a critical role in addressing the needs of opioid-dependent patients [2, [4] [5] [6] [7] . As with all mu opioid agonist-based medications, these treatments may be associated with intravenous misuse that can compromise patient care and access to opioid treatment [1, 8] .
Buprenorphine (Subutex) is available in more than 40 countries worldwide. Despite its widespread success as a maintenance therapy for opioid dependence [1, 9] , buprenorphine misuse [11] [12] [13] [14] and diversion to the black market have been reported. The use of a combination of buprenorphine plus the opioid antagonist naloxone in a fixed 4:1 ratio (Suboxone) theoretically would reduce misuse and diversion. When taken sublingually as prescribed, its therapeutic efficacy and safety are similar to those of buprenorphine alone [15] . However, laboratory studies have shown that the naloxone component precipitates withdrawal in most opioid-dependent persons and attenuates the euphoric effects of buprenorphine when the combination is administered intravenously [17] [18] [19] . Buprenorphine/ naloxone's real-life use as a strategy to reduce buprenorphine abuse is also supported by retrospective surveys documenting lower misuse rates after buprenorphine/naloxone was introduced in areas known to have high rates of buprenorphine injection [11, 14] .
Although these survey data are encouraging, no controlled laboratory studies have directly evaluated the abuse liability of buprenorphine/naloxone in buprenorphine-maintained intravenous drug users (IDUs). Because high doses of naloxone are required to displace buprenorphine from the opioid receptor [20] , the extent to which the combination medication will mitigate misuse by buprenorphine-dependent IDUs remains unclear. The purpose of this study was to quantitatively assess the intravenous abuse potential of buprenorphine/naloxone compared with buprenorphine using a controlled laboratory intravenous self-administration paradigm. IDUs maintained on buprenorphine and willing to self-administer drug by injection were enlisted to simulate a population of buprenorphinedependent injectors.
METHODS

Participants
Healthy men and women between ages 21 and 45 years who met the diagnostic criteria for opioid dependence according to the Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition (DSM-IV) [21] and were not seeking treatment for drug use were eligible to participate in this study (see Supplementary Appendix for exclusion criteria). All participants were enrolled between September 10, 2007, and August 13, 2008 . Participants were required to reside at the clinical study center for the duration of the study and provide informed consent. This study was approved by the Institutional Review Board of the New York State Psychiatric Institute and was conducted in accordance with the tenets of the Declaration of Helsinki.
Study Design
The study consisted of an initial 2-week qualification phase and three 2-week experimental phases (see Supplementary Appendix). During the qualification phase, participants were maintained on 2 mg sublingual buprenorphine and treated for emergent withdrawal symptoms until these symptoms no longer manifested. Generally 5-7 days elapsed between admission to the hospital and conduct of the first laboratory session. This dose-stabilization period ensured that participants would not experience withdrawal symptoms during experimental phases. After the initial period of stabilization, participants completed sampling and choice sessions to establish eligibility for the experimental phase. During this part of the qualification phase, participants received ascending doses of intravenous buprenorphine (2, 4, 8, 16 mg) in the morning; a choice session followed in the afternoon to confirm that buprenorphine was well tolerated and intravenously self-administered at or above 4 mg. To maintain blind dosing, a saline placebo and a second 2-mg dose were given on random days during the qualification phase instead of the intended buprenorphine dose. Participants who did not intravenously self-administer at least 4 mg buprenorphine more frequently than placebo during this period were discontinued from the study.
Each experimental phase consisted of a sublingual buprenorphine stabilization period (first week) and a double-blind test period (second week). During the stabilization period, participants were randomized to 1 of 3 sublingual buprenorphine maintenance doses (2, 8, 24 mg). The 2 mg maintenance dose condition was used as an equivalent to a low-dose control condition. On each test period day, participants were randomized to receive intravenous doses of buprenorphine/naloxone, buprenorphine, or control. Placebo, naloxone, and heroin (25 mg) were neutral, negative, and positive controls, respectively. Intravenous buprenorphine doses used for testing were chosen for each participant based on his or her responses during the qualification phase. For participants who self-administered a maximum of 8 mg buprenorphine during the qualification phase (n = 2), 4 mg and 8 mg were the low and high doses of buprenorphine in each formulation, respectively. For participants who self-administered a maximum of 16 mg buprenorphine during this phase (n = 10), 8 mg and 16 mg were the low and high doses of buprenorphine administered in each formulation, respectively. All buprenorphine/naloxone formulations were administered at a 4:1 ratio. The dose of the naloxone control was based on the highest naloxone dose participants received in the buprenorphine/naloxone formulation. Intravenous doses were administered to participants by a staff physician.
On each test period morning, participants completed a sample session during which they received a full dose of that day's study drug and USD$20. Sample doses were administered at approximately 11 AM. Physiological, subjective, and performance measures were assessed before and repeatedly after dose administration. On the afternoon of each test period day participants completed a choice session during which they were informed they could work for all or part of the test drug or money they received in the morning. The work assignment involved a 40-minute, computerized, self-administration task; responses consisted of finger presses on a computer mouse. Participants were given 10 opportunities under an independent progressive ratio schedule to choose between one-tenth of the test drug dose or one-tenth of the money (USD$2) they received during the morning's sample session. At the end of the task, participants received the amount of drug and money they chose during the task. Choice session doses were administered at approximately 4 PM. Over the course of the study, each participant received all the sublingual buprenorphine maintenance doses and all the intravenous test doses. Given that all participants received their buprenorphine maintenance doses at 8 PM, sessions were conducted near the nadir of the maintenance dose levels.
This study was designed and performed by the academic authors. All authors participated in the analysis of the data and/or contributed to writing the manuscript. All authors also had full access to the primary data and to the analysis, and all vouch for the accuracy and completeness of the reported data.
Efficacy and Safety Measures
The primary objective of the study was to compare the reinforcing effects of intravenous buprenorphine/naloxone and buprenorphine in buprenorphine-maintained IDUs using a drug-versus-money choice procedure. Drugs were considered to have reinforcing effects (abuse liability) if they were self-administered by injection more than placebo. Reinforcing effects were quantified with a progressive ratio schedule during the choice session. After each choice was made for one option (50 clicks of the mouse), the ratio increased progressively (100, 200, 400, 800, 1,200, 1,600, 2,000, 2,400, and 2,800 clicks) each time that option was selected. The progressive ratio breakpoint was defined as the amount of work (highest ratio completed) a participant was willing to perform to obtain drug or money; test drugs with greater reinforcing effects would have correspondingly higher drug breakpoints. Ratio values were chosen based on previous research [22] . Percentages of trials completed for drug, amount of drug self-administered by injection (in mg), progressive ratio breakpoint values for money, and amount of money self-administered (in USD$) were also measured.
Secondary objectives were to compare subjective, physiological, and performance effects of intravenous buprenorphine/naloxone, buprenorphine, placebo, naloxone, and heroin in buprenorphine-maintained IDUs. Subjective effects were assessed at 4, 10, 40, and 60 minutes after drug administration during the sample session using 4 questionnaires: a 6-item Drug Effects Questionnaire; a 26-item, 100-mm visual analog scale (VAS); a 13-item Opioid Symptom Checklist; and a 16-item Subjective Opioid Withdrawal Scale (SOWS) [22] . Photographs of the right pupil and vital sign measurements were used to assess physiological effects. Performance measures were assessed with 3-minute digit-symbol substitution [23] and 10-minute divided attention [24] tasks. Routine safety and tolerability were evaluated from the results of reported signs and symptoms of opioid withdrawal and other adverse events.
Statistical Analysis
Primary and secondary efficacy variables were analyzed using a within-subjects repeatedmeasures ANOVA model, with sublingual buprenorphine maintenance dose and intravenous test dose as factors. Planned comparisons were made among placebo and each active dose of drug, heroin and each of the other drug conditions, and low-and high-dose buprenorphine/ naloxone and buprenorphine. P ≤ 0.05 was considered significant.
Based on results from previous research, a 12-participant study would provide 80% power to detect a 380-click difference in the breakpoint (assuming SD of 472 and between-level correlation of 0.60) [22] . VAS ratings of "good effect" were representative of the magnitude of most of the significant subjective effects found in previous research [22] . Based on these data, a 12-participant study would provide 80% power to a difference of 12.5 points for this VAS item.
RESULTS
Participant Disposition and Demographics
Forty-four participants signed the screening consent form and were screened for this study. Nineteen participants signed the study consent form. Of those, 12 completed the study and were included in the final analysis. Reasons for not completing the study included domestic issues, chronic pain, failure to pass the qualification phase, behavioral problems, excessive methadone use (1 participant each), and failure to arrive on admission day (2 participants). Of the 12 participants who completed the study, low-and high-doses for the buprenorphine formulations administered were 4 and 8 mg, respectively, for 2 participants, and 8 and 16 mg, respectively, for 10 participants.
Demographic data for participants completing the study are shown in Table 1 . Mean age of this population was 36.2 years; most participants were male (67%; 8/12) and white (58%; 7/12). All participants reported daily intravenous heroin use. Mean daily amounts spent on heroin was $67.03 (range, $30-$145), and mean duration of use was 11.3 years (range, 2-32 years).
Reinforcing Effects
Based on mean drug progressive ratio breakpoints, reinforcing effects for heroin, high-dose buprenorphine/naloxone, low-dose buprenorphine, and high-dose buprenorphine were greater than for placebo across all sublingual buprenorphine maintenance doses (all P < 0.0005; Figure 1A ). Low-dose buprenorphine/naloxone demonstrated reinforcing effects that were lower than for heroin (P = 0.0001); high-dose buprenorphine/naloxone also demonstrated a trend toward lower reinforcing effects (P = 0.055; Figure 1A ). Drug breakpoint values for low-and high-dose buprenorphine alone did not differ from those for heroin. When individual doses were compared, participants opted to intravenously selfadminister high-dose buprenorphine/naloxone less than high-dose buprenorphine (P < 0.05) and low-dose buprenorphine/naloxone less than low-dose buprenorphine (P = 0.0002). The drug breakpoint value for low-dose buprenorphine/naloxone was lower than for high-dose buprenorphine/naloxone (P = 0.02), but low-dose buprenorphine alone was not significantly different from high-dose buprenorphine alone.
Participants maintained on 2 mg buprenorphine were more likely to intravenously selfadminister drug than those maintained on 8 or 24 mg sublingual buprenorphine ( Figure 1B ). This effect was most pronounced when participants intravenously self-administered highdose buprenorphine/naloxone. The percentage of total available dose intravenously selfadministered was lower for buprenorphine/naloxone than for heroin and buprenorphine alone (all P < 0.03). In all cases, participants never intravenously self-administered more than 50% of available drug.
Subjective, Performance, and Physiological Effects
Based on responses to the Drug Effects Questionnaire, participants across all maintenance doses reported higher mean "drug liking" measures for heroin, high-dose buprenorphine/ naloxone, and low-and high-dose buprenorphine than for placebo (all P < 0.0001; Figure   2A ). In addition, participants across all maintenance doses reported lower mean "drug liking" measures for naloxone and low-dose buprenorphine/naloxone than for heroin (both P = 0.0001). At the 24-mg maintenance dose, participants challenged with low-dose buprenorphine/naloxone reported significantly less "drug liking" compared with the 2-mg maintenance dose (P <0.05); this difference also included a change from participants reporting a positive "liking" effect to a negative "liking" effect ( Figure 2B ). For all buprenorphine formulations and doses, participants reported significantly greater willingness to take the drug again compared with placebo ( Figure 3A ) and significantly less willingness to take low-and high-dose buprenorphine/naloxone again compared with heroin. There were no trends toward a common response when participants were stratified by maintenance dose and test drug ( Figure 3B ). Only naloxone produced higher ratings of "bad drug effect" compared with placebo.
Low-dose buprenorphine/naloxone was significantly different from all other buprenorphine formulations and doses on a number of VAS measures across all buprenorphine maintenance doses. Specifically, only low-dose buprenorphine/naloxone produced ratings similar to those of placebo in the following positive subjective-effects categories: good effects, feeling high, liking drug, feeling mellow, potency and quality of drug effects, feeling sedated, and amount of money participants would pay for drug (Table 2) . Compared with heroin, mean peak VAS scores were significantly lower for low-and high-dose buprenorphine/naloxone on measures of drug liking and amount of money participants would pay for drug. For all other positive subjective-effects measures except feeling mellow, participants reported significantly lower VAS scores for low-dose buprenorphine/ naloxone than for heroin; no buprenorphine doses were significantly different from heroin for these measures. Neither of the buprenorphine formulations was significantly different from placebo in negative subjective effects such as feeling anxious, bad effects, and feeling irritable (Table 2) . When stratified by maintenance dose, patients receiving 2 mg sublingual buprenorphine reported significantly greater good effects, high, potency, and amount of money they would pay for drug compared with 8 mg (but not 24 mg) buprenorphine. There were no significant differences between any of the maintenance groups in the negative subjective effects categories. There were also no trends toward a common response when participants were stratified by maintenance dose and test drug.
Compared with placebo or heroin, no significant differences were observed in mean subjective opioid withdrawal symptoms using the SOWS for any of the buprenorphine formulations. Additional subjective, performance, and physiological effects are reported in the Supplementary Appendix.
Safety
Seven adverse events were reported in 4 participants (3 participants, 2 adverse events; 1 participant, 1 adverse event). Adverse events not associated with study drug included vasovagal response to intravenous injection (2 events, same participant) and nausea. Adverse events possibly or probably related to study drug (and drug received) included urticaria (buprenorphine/naloxone), vomiting (heroin), dizziness (buprenorphine), and chest discomfort/mild withdrawal (naloxone). Most adverse events were mild, transient, and resolved without treatment.
DISCUSSION
This study identified conditions under which buprenorphine/naloxone had less potential to be abused intravenously compared with buprenorphine alone or heroin among buprenorphine-maintained IDUs, namely when participants were (a) receiving higher buprenorphine maintenance doses and (b) receiving the lower dose of the buprenorphine/ naloxone formulation. In addition, participants were willing to pay significantly less for buprenorphine/naloxone than for buprenorphine or heroin. Although other studies have demonstrated reduced abuse liability with intravenous buprenorphine/naloxone [17] [18] [19] , this is the first study in buprenorphine-maintained IDUs to quantitatively and prospectively demonstrate conditions under which the abuse liability for buprenorphine/naloxone is less than that of buprenorphine alone. To date, only retrospective surveys of IDUs or patients switched from buprenorphine to buprenorphine/naloxone have reported a difference in abuse potential [11, 14] . For example, results from a questionnaire administered to 145 attendees of a needle exchange program indicated that few (8%) abused buprenorphine/naloxone regularly; in comparison, most (82%) reported daily intravenous buprenorphine misuse. These attendees also reported they would pay substantially less for the combination formulation than for buprenorphine alone [11] , consistent with the findings of the current report.
Reduced self-administration by injection was greater for participants maintained on 8 mg and 24 mg sublingual buprenorphine than for those maintained on 2 mg, suggesting that a higher buprenorphine maintenance dose is an important factor in curtailing misuse. Indeed, the abuse liability of high-dose intravenous buprenorphine/naloxone was comparable to that of heroin or high-dose buprenorphine at the 2-mg maintenance dose but not at higher sublingual buprenorphine maintenance doses. Additionally, participants receiving the 2 mg buprenorphine maintenance dose also reported similar "drug liking" and "willingness to take drug again" measures for high-dose buprenorphine/naloxone compared with participants receiving high-dose buprenorphine or heroin at any of the maintenance doses. These observations are supported by others [28] [29] [30] and by many direct evaluations of doseresponse effects of opioid medications [31, 32] ; in addition, these observations highlight the importance of the underlying maintenance dose in controlling injection behavior. In this study, the 8-and 24-mg maintenance doses were more reflective of clinically relevant buprenorphine maintenance levels. The 2-mg maintenance dose was intended as a low-dose control condition. It is important to note that the sample sessions were performed approximately 15 hours after the participant's last sublingual buprenorphine maintenance dose. This latency period approaches the trough concentration of the participant's maintenance dose. It is possible that the reinforcing responses might have be less pronounced if the maintenance dose was administered closer to when the experimental tasks were performed. Because trends in subjective effect changes were not apparent as a function of sublingual buprenorphine maintenance dose using this study design, it is probable that there would also not be different subjective effects if dosing was performed closer to the experimental session.
The higher progressive ratio breakpoint for high-dose buprenorphine/naloxone-which is similar to that of low-dose buprenorphine, particularly at the 2 mg buprenorphine maintenance dose-suggested that, in buprenorphine-dependent IDUs, the naloxone component did not precipitate withdrawal symptoms but instead attenuated the euphoric effect of buprenorphine. Participant's subjective responses also supported this responseblunting effect. Specifically, negative subjective responses and SOWS scores were not significantly different between the buprenorphine/naloxone formulation and placebo, suggesting that the naloxone component did not strongly precipitate withdrawal. In contrast, positive subjective responses were lower when participants were challenged with buprenorphine/naloxone compared with buprenorphine but were greater than placebo (particularly for high-dose buprenorphine/naloxone), which indicates a diminished-but not absent-euphoric effect. In separate studies with morphine [18] , hydromorphone [17] , and methadone-maintained [19] individuals, significant negative subjective effects were noted when participants received intravenous buprenorphine/naloxone. The effect of the naloxone component in the buprenorphine/naloxone formulation may be partially dependent on opioid receptor occupancy. In particular, the high affinity and slow dissociation of buprenorphine from μ-opioid receptors may partially prevent naloxone-induced withdrawal, whereas the shorter receptor occupancy of other opioids allows greater access of naloxone to the receptor and its concomitant negative effects [25] . These findings indicate that, in individuals receiving higher dosages of buprenorphine/naloxone, an attenuated abuse potential still remains, and that this abuse potential is subject to the individual's recent opioid exposure.
This study also indicated that the reinforcing effects of buprenorphine alone were similar to those of heroin in buprenorphine-maintained IDUs. In addition, many of the positive subjective effects for buprenorphine alone, as well as high-dose buprenorphine/naloxone, were comparable to heroin, with the high-dose buprenorphine/naloxone values numerically similar to those of low-dose buprenorphine. These findings, when considered with those of other studies, suggest that the abuse liability of buprenorphine partially depends on recent opioid exposure. For example, in non-opioid-maintained persons, the intravenous abuse liability of buprenorphine was similar to that of the full opioid agonist methadone [26] . However, in morphine-maintained persons, buprenorphine behaved like a partial opioid agonist, precipitating withdrawal and, consequently, having lower abuse liability [27] . These findings also further support the attenuation of the euphoric effect by naloxone.
This study had some limitations. The stringent criteria for enrollment, qualification, and retention in this trial were highly selective for a certain subpopulation of opioid-dependent persons. This resulted in a small, specific population of participants that may be responsible for some of the anomalous results observed in this study, for example, the lack of a trend across the 3 maintenance doses in subjective effects or the variability in response at different maintenance doses. Although this subpopulation might not be representative of the entire opioid-dependent population, participants who completed the trial were likely to be more homogeneous in their susceptibility to the positive and negative reinforcing effects of the study drugs. Another limitation was the long duration of buprenorphine's effects, which might have allowed the effects of the intravenous buprenorphine test doses to persist between days. However, the randomized, crossover design of this trial should have served as a partial control for any potential carryover effects.
In conclusion, this study provides empirical support for the lower potential of buprenorphine/naloxone misuse by injection. Findings from this study are also supported by international experience with buprenorphine/naloxone. For example, in the United States, where buprenorphine/naloxone is available by prescription from qualified physicians, reports of misuse have been limited [33] . In Australia [36] [37] [38] and Finland [11] , where buprenorphine misuse was relatively common, the introduction of buprenorphine/naloxone has been associated with lower rates of misuse, even for patients receiving the medication without close monitoring [11, 14, 39, 40] . The results from our quantitative approach complement those observed in these surveys, and further identified conditions under which the abuse liability of buprenorphine/naloxone was minimized (i.e., higher underlying maintenance doses and lower buprenorphine/naloxone dosage). Coupled with efficacy, safety, and tolerability data from other studies, buprenorphine/naloxone's reduced potential for abuse makes it an option for first-line opioid dependence treatment, including take-home therapy.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. (A) Mean drug progressive ratio breakpoints for intravenous test doses across all buprenorphine maintenance doses. (B) Mean progressive ratio breakpoints for test drug stratified by buprenorphine maintenance dose. BupNx, buprenorphine/naloxone; Bup, buprenorphine. * P < 0.01 compared with placebo. † P < 0.01 compared with heroin. ‡ P ≤ 0.055 compared with heroin. § P < 0.03 compared with 8 mg buprenorphine maintenance dose. ‖ P < 0.05 compared with 2 mg buprenorphine maintenance dose. (A) Mean "drug liking" responses from the Drug Effects Questionnaire across all buprenorphine maintenance doses. (B) Mean "drug liking" responses from the Drug Effects Questionnaire stratified by buprenorphine maintenance dose. BupNx, buprenorphine/ naloxone; Bup, buprenorphine. * P < 0.001 compared with placebo. † P < 0.005 compared with heroin. § P < 0.03 compared with 8 mg buprenorphine maintenance dose. ‖ P < 0.05 compared with 2 mg buprenorphine maintenance dose. (A) Mean "willing to take the drug again" responses from the Drug Effects Questionnaire across all buprenorphine maintenance doses. (B) Mean "willing to take the drug again" responses from the Drug Effects Questionnaire stratified by buprenorphine maintenance dose. BupNx, buprenorphine/naloxone; Bup, buprenorphine. * P < 0.001 compared with placebo. † P < 0.005 compared with heroin. ‖ P < 0.05 compared with 2 mg buprenorphine maintenance dose. Table 1 Baseline demographic data for participants completing the study (n=12).
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